Low birth weight is linked to hypertension, chronic kidney disease and even end stage renal disease. We hypothesized that living kidney donors born with lower birth weight may be at increased risk of hypertension, albuminuria or reduced GFR beyond what is typical following uninephrectomy. 257 living kidney donors who donated at the University of Minnesota between 1967 and 2005 underwent iohexol GFR and urinary albumin excretion measurements. Predictors of iohexol GFR <60 ml/min/1.73m 2 , albuminuria and hypertension were examined using logistic regression. Predictors examined include age at GFR measurement, time since donation, BMI, gender, serum creatinine level (at donation and GFR measurement), systolic and diastolic blood pressure, race, and birth weight. The latter was obtained through self-report and verified through birth certificates and family members. Older age, higher BMI, and time from donation were associated with reduced GFR. Older age and higher BMI were also associated with hypertension. Birth weight was not associated with GFR <60 ml/min/1.73m 2 : OR=0.70, 95% CI (0.28, 1.74, p=0.45) or hypertension: OR=0.92, 95% CI (0.46, 1.84), p=0.82 but was associated with albuminuria: OR=0.37, 95% CI (0.15, 0.92), p=0.03. This data further strengthens the link between low birth weight and potential adverse renal outcomes.
Introduction
Several studies of living kidney donors revealed no decrease in life expectancy nor increased risk of developing end stage renal disease (ESRD) when compared to controls (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Multiple studies have linked low birth weight (LBW) to late onset HTN and chronic kidney disease (CKD) (11) (12) (13) . LBW, defined as ≤2.5 kg, is heavily embedded in epidemiological research as a surrogate marker for abnormalities in fetal programming (14) . Low birth weight is an all-encompassing term for two sub categories: infants born prematurely (< 37 weeks gestation) but with a weight appropriate for gestational age (AGA) and infants born small for gestational age (termed intrauterine growth restriction (IUGR)) (12) (13) (14) . Both animal models and human studies have shown that LBW is directly correlated with decreased nephron number, is inversely related to glomerular volume, and is associated with a greater risk for HTN, CKD, and ESRD (11) (12) (13) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) . These studies reinforce the Brenner hypothesis, which states that an early reduction in nephron number is followed by hyperfiltration of the remaining nephrons, accelerated renal decline and increased susceptibility to the development of HTN and ESRD (18) . Whether the hyperfiltration engendered by the low number of nephrons coupled with the surgical reduction in renal mass conspire to promote the development of hypertension and reduced GFR in living kidney donors has not been studied. Considering the substantial link between LBW, HTN, and CKD, we hypothesized that living kidney donors with lower birth weight may be at increased risk of developing HTN, albuminuria, and reduced GFR beyond what is typically seen following uninephrectomy.
Methods
From June 1963 to December 2005, a total of 3,438 living donor nephrectomies were performed at the University of Minnesota. Our program requires potential donors to be free from diabetes, hypertension and have a GFR > 80 mL/min. Donors undergo a complete history, physical examination, visualization of the kidneys and vasculature and comprehensive laboratory assessment to rule out liver disease, active infections and systemic illnesses. No potential donor with any degree of albuminuria is accepted.
In December of 2003, we initiated a comprehensive effort to contact all those who donated since November 1963, consulting phone and internet directories and also asking their recipient. At the beginning of this effort, we generated donor lists of those known to be alive as of December 2003 and stratified them by gender and time from donation (in three year intervals). Within each stratum, 5% to 10% of donors were randomly selected to undergo GFR measurements. 80% of donors were successfully contacted and 257 underwent GFR measurement. If the selected donor refused participation, a new donor from the same strata was selected. We measured GFR using the plasma clearance of nonradioactive iohexol and urinary albumin excretion rate by first void urinary albumin creatinine ratio (UACR). Blood pressure was measured three times and their average was recorded. We defined hypertension by the donor's requirement for antihypertensive medications or by an average blood pressure > 140/90 mmHg in those not taking anti-hypertensives. Albuminuria is defined as > 30 mg/g Cr.
In the fall of 2012 all donors who previously underwent iohexol GFR measurement were contacted by telephone and asked to state their birth weight in pounds. Six months later a second survey was administered asking again for birth weight and gestational length (Appendix 1). Emphasis was placed on the importance of obtaining accurate information and donors were encouraged to consult birth records or family members to increase accuracy. Donors were also asked to document the source of the birth weight and gestational length to include one of three categories: validation from a birth record, verbal conveyance by a family member, or self-reported, i.e. without a source document or family verification. Of those who provided a birth weight in response to both surveys, the value from the more reliable source was used. Donors were encouraged to include a copy of their source document when returning the survey. All studies and procedures were approved by the institutional review board at the University of Minnesota and all participants provided written informed consent (UMN IRB #0301M39762).
Statistical Analysis
Continuous variables were compared using t-tests and categorical variables by chi-square or Fisher's tests. Logistic regression was performed to study the predictors of iohexol GFR <60 ml/min/1.73m 2 , albuminuria and hypertension. Predictors examined included age, systolic and diastolic blood pressure, serum creatinine (all at time of GFR measurement), iohexol GFR, years since donation, gender, and donor birth weight. Due to the low number of donors reporting a pre-term delivery, this variable was not incorporated into our set of predictors. Results are expressed as mean ± standard deviation (SD), unless otherwise specified. A p-value <0.05 was considered significant. All analyses were performed in SAS ver. 9.3 (Cary, NC).
Results
257 donors were studied in detail; 249 (97%) responded to the birth weight survey. Of the remaining eight, seven did not respond and one was deceased. Within this subset, we compared those who did (n=216) and did not (n=33) report a birth weight. Those reporting a birth weight were significantly younger at time of iohexol GFR measurement (52.2 (±9.6) vs. 57.8 (±10.0) years, p<0.01) (table 1). Otherwise, there was no difference between responders and non-responders.
Of the 216 donors who reported birth weights, 15 described a low birth weight (≤2.5 kg). There were no differences between LBW and normal birth weight donors (table 2) . Donors who reported birth weights on both surveys (n=168) provided similar values, with a mean of 3.4 (±0.6) kg at first survey and 3.4 (±0.5) kg at second survey. These two weights were also strongly correlated (r=0.89, p<0.01). In 84 cases the second birth weight was identical, 27 within 2 oz, and 57 were within 8 oz of the first. Of the 216 donors who provided a birth weight, 87 (40%) obtained this information from a birth record, 64 (30%) consulted a family member, and 65 (30%) reported it from memory without additional validation (figure 1). 229 (89%) donors responded to the gestational length survey, of which 186 provided an answer of either full term (n=177) or pre term (n=9) delivery. With respect to demographic variables, no significant differences existed between these two groups (table 3) . Of those who provided a delivery term, 27 (15%) validated their answer on a birth record, 108 (58%) consulted a family member, and 51 (27%) reported it from memory.
Predictors of GFR <60 ml/min/1.73m 2
Being older at time of GFR measurement: OR=1.15, 95% CI (1.08, 1.22), p<0.01, having an elevated BMI: OR=1.12, 95% CI (1.02, 1.23), p=0.02, and being female: OR=3.22, 95% CI (1.01, 10.30), p=0.049 were associated with an increased risk, while an increase in time from donation: OR=0.91, 95% CI (0.85, 0.97), p<0.01 was associated with a decreased risk. There was no significant effect of birth weight: OR=0.70, 95% CI (0.28, 1.74), p=0.45 (table  4) .
Predictors of Albuminuria
An increase in BMI: OR=1.12, 95% CI (1.02, 1.23), p=0.02 was associated with an increased risk, while an increase in birth weight: OR=0.37, 95% CI (0.15, 0.92), p=0.03 was associated with a decreased risk (table 4).
Predictors of Hypertension
A higher age at GFR measurement: OR=1.08, 95% CI (1.03, 1.13), p<0.01 and increase in BMI: OR=1.12, 95% CI (1.04, 1.20), p<0.01 was associated with an increased risk. There was no significant effect of birth weight: OR=0.92, 95% CI (0.46, 1.84), p=0.82 (table 4) .
Gestational Length and Outcomes
Due to the low number of donors meeting criteria for preterm and/ or low birth weight, further statistical analysis incorporating gestational length as a predictor for the risks of interest is not possible. Of the four donors reporting a birth weight > 2.5 kg and delivery at <37 weeks, one had albuminuria at time of GFR measurement and the remaining three neither had albuminuria, GFR <60, or HTN. Five donors were categorized as low birth weight and pre term: of these five, one met criteria for GFR<60, two had albuminuria, one had HTN, and one had both GFR<60 and HTN at the time of GFR measurement. Seven donors reported a low birth weight with full term delivery. Of this population, a single donor exhibited a GFR<60 without albuminuria or HTN and another had albuminuria alone (figure 2).
Discussion
Overall, our results indicate an association between an individual's birth weight and risk of developing albuminuria following living kidney donation; with every kilogram increase in birth weight, the odds of developing albuminuria following donor nephrectomy decreased by 37%. However, birth weight was not a significant predictor of either GFR <60 ml/min/ 1.73m 2 or HTN in our multivariate analysis. Not surprisingly, donors greater in age at the time of GFR measurement or who had an increase in BMI were at a higher risk for GFR <60 ml/min/1.73m 2 and HTN. Women were at an increased risk of GFR <60 ml/min/1.73m 2 , though there was no significant association between gender and the outcomes of albuminuria or HTN. Interestingly, an increase in time since donation significantly decreased a donor's risk of having a GFR <60 ml/min/1.73m 2 though there was no observed impact on albuminuria or HTN.
Previous studies in non-donor populations agree with our finding of low birth weight as a risk factor for albuminuria. However, these studies have also overwhelmingly shown an association between low birth weight, HTN, and CKD (11) (12) (13) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) . In 2012, Mu et al. performed meta-analysis on 27 studies reporting on the association between birth weight and blood pressure and revealed a 21% increased risk of developing HTN for individuals born <2.5 kg (19) . Further meta-analysis by White et al. encompassed 31 studies involving >49,000 subjects from case controls and a single record linkage study of >2,000,000 individuals all documenting birth weight and kidney function at greater than 12 months of age. LBW individuals were at greater risk of developing CKD (OR=1.74), albuminuria (OR=1.81), ESRD (OR=1.58), and eGFR <60 mL/min/1.73 m 2 (OR=1.79) (20) . Birth weight may be a useful indicator of underlying errors in fetal programming and for each of these errors there is a vast array of phenotypic response. By nature of the extensive pre donation work-up, those accepted are overall incredibly healthy and in this study low birth weight donors were characteristically indiscernible from normal birth weight donors at time of donation. Thus, it is not surprising that our results do not match previous studies on nondonor low birth weight individuals.
In our study, we were unable to estimate prematurity associated risks, although all five donors born prematurely with low birth weight exhibited some combination of GFR<60, HTN, and/ or albuminuria, compared to 1/4 normal birth weight pre term donors, and 2/7 low birth weight full term donors. Overlap between IUGR, low birth weight, and prematurity make it difficult to surmise whether prematurity alone results in lasting negative renal deficits and disease. One such study lending credence to the impact of prematurity, employed ultrasound at 20 years of age to measure kidney length and volume of 51 individuals born <32 weeks gestation compared to full term controls. Findings included significantly smaller kidney size, particularly in women, regardless of IUGR, suggesting kidney growth inhibition as a consequence of preterm birth (28) . Fitting to our results, other studies have argued for an amalgamation of IUGR and prematurity including long lasting reduction in kidney volume, increased risk of HTN, albuminuria, and decreased GFR (29) (30) (31) (32) (33) (34) .
Albuminuria >30 mg/g Cr is associated with an individual's ten year risk for ESRD and is further exacerbated in the context of a lower GFR (35) . In this study, every increase of one kg in birth weight was associated with a decreased risk for albuminuria. Reassuringly, there was no association between low birth weight and risk for HTN or GFR <60 ml/min/1.73 m 2 . It should be noted the mean duration from donation to GFR measurement was 11.6 years and it is entirely possible the remaining kidney is able to compensate at this time. However, as indicated by the presence of albuminuria, hyperfiltration may be occurring which might ultimately lead to accelerated nephron loss and chronic kidney disease beyond what the individual would have experienced in the setting of two kidneys. This is far from proven and we intend to continue this study in the future to further monitor the outcomes of living kidney donors.
A potential limitation of this study is its retrospective nature and probability for recall bias. Previous studies ascertaining the validity of birth weight strongly cautioned against the selfreported birth weight in place of official records (36) (37) (38) (39) . In the absence of documentation, mothers are a crucial component in relaying birth information. One study assessing the accuracy of mothers' recall at one year post-delivery found 91% agreement with the weight listed on their child's birth certificate and a mean absolute difference < 1 oz (36, 38) . To ascertain the accuracy of our data: donors were approached twice asking for their birth weight with an interlude > 6 months and those who responded to both surveys provided birth weights that were highly correlated. Emphasis was placed on consulting birth records followed by family members and 70% of the reported birth weights came from one of the aforementioned sources.
A second limitation is the overwhelming majority of white donors at our center; only 4/257 donors who previously underwent iohexol GFR measurement were non-white and 3/4 provided a birth weight. In the general population, African Americans are at greater risk for CKD and disease progression is more rapid among African Americans, Hispanics, and American Indians, furthered by low birth weight (26, 40) . Decreased nephron number may be one cause for this disparity (26) . African American women are also more likely to have a pre-term birth outcome (41) . All of our non-white donors reported a birth weight >2.5 kg and none exhibited HTN, albuminuria, or GFR <60 at time of GFR measurement. While the apparent small size is an added limitation, the fact that these donors were randomly selected and are indeed representative of the larger group is somewhat reassuring.
In summary, our study highlights the possibility that birth weight may be associated with albuminuria and questioning donors about their birth weight, preferably from official records, should be considered as a potential modifier of long term risk.
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